ABSTRACT: Schizophrenia is a serious and disabling mental disorder that affects approximately 1% of the general population, with often devastating effects on the psychological and financial resources of the patient, family, and larger community. The etiology of schizophrenia is not known, although it likely involves several interacting biological and environmental factors that predispose an individual to schizophrenia. However, although the underlying pathology remains unknown, it has been believed that brain abnormalities would ultimately be linked to the etiology of schizophrenia. This theory was rekindled in the 1970s, when the first computer-assisted tomography (CT) study showed enlarged lateral ventricles in schizophrenia. Since that time, there have been many improvements in MR acquisition and image processing, including the introduction of positron emission tomography (PET), followed by functional MR (fMRI), and diffusion tensor imaging (DTI). These advances have led to an appreciation of the critical role that brain abnormalities play in schizophrenia. While structural MRI has proven to be useful in investigating and detecting gray matter abnormalities in schizophrenia, the investigation of white matter has proven to be more challenging as white matter appears homogeneous on conventional MRI and the fibers connecting different brain regions cannot be appreciated. With the development of DTI, we are now able to investigate white matter abnormalities in schizophrenia.
INTRODUCTION
Schizophrenia is a serious and disabling mental disorder that affects approximately 1% of the general population, with often devastating effects on the psychological and financial resources of the patient, family, and larger community. It generally afflicts individuals in early adulthood, at a time when they are on the threshold of entering the most productive and formative years of life. The overt, or positive, symptoms of the disorder include auditory hallucinations, disordered thinking, and delusions, while the negative symptoms include avolition, anhedonia, blunted affect, and apathy. Additionally, broad areas of functioning are frequently disturbed including attention, memory, emotion, motivation, thought and language processes, social functioning, and mood regulation.
The etiology of schizophrenia is not known, although it likely involves several interacting biological (e.g., genetic and neurodevelopmental) and environmental factors (e.g., viral infection, fetal insult, drug abuse) that predispose an individual to schizophrenia. Of note, however, although the underlying pathology remains unknown, both Kraepelin 1 and Bleuler 2 (pioneers of schizophrenia) believed that brain abnormalities would ultimately be linked to the etiology of schizophrenia. This theory was rekindled in the 1970s, when the first computer-assisted tomography (CT) study showed enlarged lateral ventricles in schizophrenia. 3 With the introduction of magnetic resonance imaging (MRI) studies, the first MRI study of schizophrenia was conducted in 1984. 4 Since that time, there have been many improvements in MR acquisition and image processing, including the introduction of positron emission tomography (PET), followed by functional MR (fMRI) and diffusion tensor imaging (DTI), all of which have enabled us to exploit more fully information contained in MR and other medical images. These advances have led to an appreciation of the critical role that brain abnormalities play in schizophrenia.
MRI findings in schizophrenia include lateral ventricle enlargement, medial temporal lobe volume reduction (including amygdala-hippocampal complex and parahippocampal gyrus), neocortical superior temporal gyrus volume reduction, frontal and parietal lobe abnormalities, and subcortical abnormalities affecting the cavum septi pellucidi, basal ganglia, corpus callosum, thalamus, and cerebellum (see review in ref. 5 ). These findings further suggest the involvement of a large number of functionally related brain regions. Of note here, Wernicke 6 and Kraepelin 1 both suggested that schizophrenia might be a disease of insufficient or ineffective communication between these brain regions. This hypothesis has been refueled by recent functional imaging studies, which have demonstrated functional connectivity abnormalities between temporolimbic and prefrontal regions (e.g., refs. 7-11). These findings, as well as recent postmortem and genetic studies that demonstrate myelinrelated abnormalities in schizophrenia, [12] [13] [14] suggest that not only functional, but also anatomical disconnection between brain regions may be involved in schizophrenia. This latter speculation has led to an interest in investigating white matter fiber tract abnormalities in schizophrenia. Here, the focus is on long, association fiber tracts, consisting of heavily myelinated axons, which interconnect distant brain regions. Of particular interest, and based on earlier speculations, are white matter fiber tracts connecting the frontal and temporal lobes.
Finally, while structural MRI has proven to be useful in investigating and detecting gray matter abnormalities in schizophrenia, the investigation of white matter has proven to be more challenging as white matter appears homogeneous on conventional MRI and the fibers connecting different brain regions cannot be appreciated. With the development of diffusion tensor imaging (DTI), we are now able to investigate white matter abnormalities in schizophrenia.
DTI AND SCHIZOPHRENIA
DTI is the first imaging tool that makes it possible to evaluate white matter fiber tracts in the brain. Moreover, the ability to visualize and to quantify white matter fiber tracts makes DTI a particularly attractive research tool. The first DTI study of schizophrenia was published in 1998, 15 only 4 years after DTI was introduced. 16 Since then, over 20 DTI studies of schizophrenia have been conducted.
Early applications of DTI to schizophrenia investigations focused on the quantification and group comparison of large regions of white matter and thus did not focus on specific anatomically defined fiber tracts (e.g., refs. [17] [18] [19] . With more recent advances in DT image processing, the field is clearly moving towards a focus on the quantification and group comparison of specific fiber tracts in the brain.
This work has developed along two main directions: (1) a voxel by voxel evaluation of whole brain white matter and (2) measurements of specific fiber bundles based on their anatomical definition. The first type of analysis involves the coregistration of each subject's scan to a common template and can be performed without a priori hypotheses. This method is very popular in gray matter volumetric studies (termed "voxel-based morphometry analyses") and it has also been applied to FA maps in schizophrenia. Findings from these studies show decreased FA within the cingulate bundle, 20, 21 uncinate fasciculus, 20 arcuate fasciculus, 21 and corpus callosum 22 in schizophrenia compared to control subjects. Results, however, are not consistent, with some negative findings. 23 Low resolution of the images, heavy partial volume effects, and imperfect registration of the fiber tracts likely contribute to such inconsistent findings. Of note, this method is still in the development phase and, currently, intensity-based registration of FA maps to a common template is being replaced by more precise, higher-order multicomponent registration (e.g., ref. 24) .
The second type of analysis involves focusing on testing specific hypotheses about particular connections that may be disrupted in schizophrenia. These studies use small regions of interest (ROIs), defined either manually or automatically, and based on anatomical definitions of the fiber tract. These ROIs have been used to investigate FA within the cingulum bundle, uncinate fasciculus, corpus callosum, and cerebellar peduncles. Because the anatomical definition of ROIs is difficult, particularly given that early DTI images had low resolution, and the measurements were generally taken from one or a small number of slices, results tended to also be equivocal (for review, see ref. 25) . This type of analysis, however, is rapidly developing and now takes advantage of new image processing tools such as fiber tracking, where specific fiber bundles can be parcellated based on their anatomical connections (see FIG. 1 and FUTURE DIRECTIONS, below, for further details). Note that, in FIGURE 1, fiber tracts have been delineated using in-house software (www.slicer.org). Here, seed points have been placed manually on a single coronal slice, within three fiber tracts (cingulate bundle, fornix, and uncinate fasciculus), and fiber tracking has been performed using the Runge-Kutta algorithm.
FRONTOTEMPORAL CONNECTIONS IN SCHIZOPHRENIA

Evidence from the Literature
Our laboratory has used DTI techniques to investigate frontotemporal connections in schizophrenia. The focus of this work has evolved from evidence in the literature, reviewed above, which suggests the importance of temporal and frontal lobe abnormalities in MRI studies of schizophrenia (see also review in ref. 5 ). While most of these studies highlight gray matter abnormalities in schizophrenia, several studies have reported prefrontal white matter volume reduction, 26, 27 temporal white matter volume reduction, [28] [29] [30] or a relationship between prefrontal white matter volume reduction and temporal gray matter volume reduction (e.g., STG, amygdalahippocampal complex, and parahippocampal gyrus). 26, 31 Of further note, Weinberger and coworkers 8 were among the first to report an association between functional deficits observed in the prefrontal cortex in schizophrenic patients and structural abnormalities observed in the medial temporal lobe (i.e., reduced volume of the hippocampus). Since then, several functional studies have reported a disruption of functional connectivity between frontal and temporal lobes in schizophrenia (e.g., refs. [32] [33] [34] [35] , again emphasizing the likely importance of frontotemporal circuitry abnormalities in the pathophysiology of schizophrenia.
Postmortem investigations of schizophrenia have also reported abnormalities in white matter neuronal distribution in both prefrontal and temporal regions, as well as abnormalities in the density, distribution, and genetics of oligodendrocytes in schizophrenia, further suggesting a disruption in frontal-temporal connections. Moreover, oligodendrocyte abnormalities, involved in the formation of a protective sheath around the axons, as well as an abnormal distribution of interstitial neurons, responsible for neuronal migration guidance, suggest that perhaps not only functional, but also structural disconnectivity may be involved in the pathophysiology of schizophrenia.
The frontal and temporal lobes are connected by multiple long, association fiber tracts. Among the most important of these connections are (1) the uncinate fasciculus, a fiber tract connecting amygdala, uncus, and temporal pole with the subcallosal region and the orbitofrontal gyrus, [36] [37] [38] and involved in decision-making, social behavior, and autobiographical and episodic memory-all functions that are disturbed in schizophrenia; (2) the cingulum bundle, a fiber tract interconnecting limbic structures (e.g., dorsolateral prefrontal cortex, cingulate gyrus, parahippocampal gyrus) and involved in attention, emotions, spatial orientation, and memory-functions that are also disrupted in schizophrenia; (3) the fornix, a fiber tract connecting the hippocampus with other brain regions (e.g., thalamus, prefrontal cortex) and involved in spatial learning and memory-functions disrupted in schizophrenia; and finally (4) the arcuate fasciculus, a fiber tract that connects Broca's and Wernicke's areas and is involved in language processing-this fiber tract may also be involved in language and thought disturbances observed in schizophrenia.
Findings from Our Laboratory
Thus far, in our laboratory, we have used DTI to examine the uncinate fasciculus and the cingulate bundle in schizophrenia, and in an additional study we have demonstrated arcuate fasciculus abnormalities in schizophrenia using a voxel-based analysis of DTI. Below, we review these findings.
The uncinate fasciculus (UF), one of the largest connections between the frontal and temporal lobes, may play an important role in emotions, decision-making, and episodic memory, and in pathophysiology of schizophrenia. The UF pathology in schizophrenia has been described in two DTI investigations. 20, 39 The ROI study from our laboratory showed a lack of left greater than right fractional anisotropy (FA) asymmetry in schizophrenia that was present in control subjects. 39 In addition, a voxel-based morphometry analysis of FA maps, in controls and schizophrenics, showed FA abnormalities in the UF in schizophrenia. 20 FIGURE 2 shows an example of both an FA and a tensor map showing the UF in a normal control subject.
The cingulum bundle (CB) is a fiber tract interconnecting limbic structures involved in attention, emotions, spatial orientation, and memory, and has been implicated in numerous studies of schizophrenia. Noteworthy are structural MR studies in schizophrenia that show cingulate gyri volume decrease, 28, 40, 41 histopathological studies that show changes in neuronal organization within the cingulate gyrus, [42] [43] [44] and functional studies that show abnormal activation of the cingulate gyri in numerous tasks. [45] [46] [47] In addition, functional connectivity, as measured by fMRI, tends to be abnormally modulated by the cingulate gyrus, 48, 49 thus furnishing a possible basis for hallucinations. CB integrity abnormalities have thus far also been described in three DTI ROI studies. [50] [51] [52] Our laboratory used automatic ROI definition and measured CB on 8 coronal slices covering the anterior part of the fiber bundle. We found decreased mean FA as well as decreased area of this bundle in schizophrenia, bilaterally. In addition, left > right asymmetry was present in both groups. Moreover, decreased diffusion in CB was associated with poorer performance on the Wisconsin Card Sorting Test, which is heavily dependent upon intact communication between prefrontal and anterior cingulate gyri. FIGURE 3 provides an example of a CB ROI drawn in a control subject superimposed over the FA map. The arcuate fasciculus connects Wernicke's and Broca's areas and is the major language processing tract in the brain. Patients diagnosed with schizophrenia often suffer from deficits in verbal memory, auditory hallucinations, delusions, and thought disorder, with the latter likely related to language deficits observed in behavioral studies, although verbal memory and auditory hallucinations may also be linked to areas of the brain involving auditory perception and language. Functional studies show abnormal activation within Broca's and Wernicke's areas in schizophrenia during various verbal tasks. 35, [53] [54] [55] [56] Of note here, abnormalities within the arcuate fasciculus have been reported in schizophrenia in two separate voxel-based FA analyses. 20, 21 The Hubl et al. study 21 also showed an association between arcuate fasciculus abnormalities and auditory hallucinations. Studies from our laboratory also indicate arcuate fasciculus abnormalities in schizophrenia. More specifically, a VBM study, using a higher-order tensorial coregistration method, showed a left arcuate fasciculus FA decrease in schizophrenia compared with control subjects. FIGURE 4 shows results of a voxel-based comparison between controls and schizophrenics, 57 where FA decrease is present within the arcuate fasciculus in schizophrenics. We have also begun to evaluate the fornix in patients diagnosed with schizophrenia compared with normal controls, where we have shown a decrease in FA in the patient group. 58 Thus, in summary, empirical data have amassed that clearly support the notion that frontal-temporal connectivity in the brain is likely disrupted in schizophrenia. As DTI provides us with the opportunity to directly visualize and measure these connections, it has become important for studying white matter fiber tracts that connect frontal and temporal lobes. To date, all our investigations have used a small ROI approach, measuring only a small segment of the fiber connection of interest. As this is just the beginning of such investigations, it is important now to develop tools that will enable us to improve the methods used in investigating white matter abnormalities in schizophrenia as well as in other neuropsychiatric disorders (see below under FUTURE DIRECTIONS FOR DTI STUDIES OF SCHIZOPHRENIA).
LIMITATIONS OF DTI IN SCHIZOPHRENIA STUDIES
To date, over 20 studies have investigated white matter abnormalities in schizophrenia using DTI. Results of these studies are frequently inconsistent as there are no accepted gold standards for data acquisition, processing, and analysis. In addition, small sample size, different ROI definitions, low S/N ratio, different number of acquisition angles, and different scanner gradient performance and field strength, as well as partial volume effect due to the low image resolution, all affect the final results. DTI findings in schizophrenia must therefore be understood within the context of the acquisition parameters used as well as in the context of the different methodological strategies adopted by different investigators.
Positive DTI findings in schizophrenia obtained to date are interesting, but methodological limitations, discussed here as well as elsewhere, limit our ability to conclude, with certainty, the nature of white matter pathology in schizophrenia. There is no question that DTI provides a new window of opportunity to evaluate white matter in a manner not possible with conventional MRI. However, we do not as yet know whether the abnormalities observed reflect a decrease in number of axons, a decrease in axonal diameter, thinner myelination sheaths, less coherent fibers, more fiber crossings, or simply more noise in the DTI data. All of these possibilities are supported to some extent by empirical data that show abnormal neuronal number and density, 59, 60 as well as myelin abnormalities in both postmortem anatomical studies 12, 61 and genetic studies. 13, 62, 63 Moreover, DTI is not sufficiently specific to differentiate among these aforementioned pathologic processes, and thus we need to consider additional imaging techniques such as magnetization transfer imaging (MTI), MR spectroscopy, and relaxation time measurements in order to increase the specificity of white matter findings.
Another issue that needs to be addressed in DTI studies of schizophrenia is the effect of medication. For example, several DTI studies report a correlation between medication and FA in some regions of the brain, 64, 65 while other studies report no such association. 15, 19, 52, 66 Further clarification regarding medication effects is thus needed in order to understand further white matter pathology of schizophrenia. This suggests that unmedicated first-episode patients, a group that has not been studied with DTI, should be investigated.
Finally, there is evidence to suggest that some brain abnormalities progress over time in schizophrenia. 67 In order to better understand such changes over time, and in particular in order to better understand changes observed in DTI, we need to look more closely at the effects of aging on DTI in normal control subjects and adjust for these effects when searching for neurodegenerative signs in schizophrenia.
FUTURE DIRECTIONS FOR DTI STUDIES OF SCHIZOPHRENIA
Over the last 5 years, DTI has become the most important imaging technique to investigate white matter changes in schizophrenia. This technique, however, is not free of limitations, the major two being the relatively low resolution and image distortions. Use of high magnet fields, and the development of fast, low distortion techniques that produce high resolution and high SNR diffusion images, will thus be important in furthering our understanding of white matter pathology in schizophrenia.
Fiber tracking is one of the most promising image processing techniques in terms of both the visualization of fiber pathways in the brain as well as in the quantitative analysis of specific fiber bundles. Future studies will likely be heavily dependent upon the further development and validation of these methods. Their application to schizophrenia will also likely reveal disruptions in connections between brain regions that heretofore could not be evaluated quantitatively. Such studies will also likely benefit from the acquisition of small, isotropic voxels, with diffusion encoded in multiple directions. With reliable fiber tracking, it will become easier to define and to measure whole fibers of interest.
FIGURE 5 provides an example of work that will be critical for evaluating fiber bundles in schizophrenia. Here, an automated fiber tracking procedure (described in detail in ref. 24 ) was used to create all of the major white matter fiber tracts in the brain. Two ROIs were then manually drawn in order to define and to extract the entire uncinate fasciculus fiber tract, which previously was evaluated using only one coronal slice. 39 Another example of the way fiber tracking will be useful in future studies is displayed in FIGURE 6. Here, manual seeding within the splenium of the corpus callosum reveals fiber traces that are located in close proximity to each other within the corpus callosum, but which nonetheless belong to fiber bundles that connect anatomically distinct brain areas. This work, however, will need to be validated, perhaps in anatomical postmortem studies.
The examples in FIGURES 5 and 6 show the potential strength of using tractography to define fiber bundles of interest. The regions defined by these "fibers of interests", or FOIs, can then further be analyzed using fiber analysis methods such as performing statistics on diffusion-related values along the fibers. If the spatial extent of the FOI region is projected back to the voxel space, that will define the collection of voxels that is traversed with at least one fiber from the FOI, and this set of voxels can then be analyzed using traditional voxel-based methods. Future DTI analyses will also likely be performed in some fiber-related space, utilizing both fiber tract atlases and precise registration strategies, which will further increase the anatomical accuracy of such studies and allow a direct comparison of the whole fiber bundles. There is, however, still an open question as to how best to construct fiber spaces and atlases. Concepts from traditional voxel-based approaches do not directly translate to fibers. For example, averaging of information in voxel space normally produces an output that is also voxel-based (i.e., average values of a set of aligned MRI scans will produce a new smoother MRI looking scan). In contrast, the average of a set of fibers does not straightforwardly produce a set of smooth fibers. New methods that will be able to infer local coordinate systems defining anatomically relevant positions along the fibers are thus a direction of research that will likely produce interesting results. Automated methods for fiber clustering are an important direction for this type of work 68, 69 (FIG. 7) .
Future studies investigating white matter abnormalities in schizophrenia should also be combined not only with other structural imaging techniques, but also with functional MRI and PET imaging in order to characterize and to understand more fully the relationship between functional and structural abnormalities in schizophrenia. Using multiple images to evaluate brain abnormalities in schizophrenia will provide a wealth of information that will likely lead to an increased understanding of the neuropathology of schizophrenia, and perhaps even targeted treatments, as we begin to understand brain circuitry better with the use of multiple imaging techniques.
Finally, DTI was introduced to clinical imaging in 1995 and has thus only begun to be used to explore white matter abnormalities in schizophrenia. Nevertheless, it has fast become one of the most popular imaging techniques used in schizophrenia FIGURE 6. Fibers traveling through the splenium of the corpus callosum are shown, where fibers connecting the left and right occipital lobe are displayed in green, fibers interconnecting lateral temporal regions are displayed in red, and fibers connecting medial temporal regions are displayed in blue. Additionally, the genu of the corpus callosum is labeled as "G", the body as "B", the isthmus as "I", and the splenium as "S". [Courtesy of Anders Brun.] research. With still newer technological advances, we will likely learn even more about white matter abnormalities in this devastating disorder.
